repertoire, there has been considerable interest in determining how much of this expansion represents virusspecific CD8 T cells and how much of it is due to activation of T cells not specific to the immunizing antigen (Nahill and Welsh, 1993; Razvi et al., 1995; Selin et 1996; Tough and Sprent, 1996; Tough et al., 1996; Ehl et al., 1997; Zarozinski and Welsh, 1997) . Atlanta, Georgia 30322 † Department of Oncology The T cell proliferation seen during viral infections in vivo could in theory result from a number of mechaJohns Hopkins University School of Medicine Baltimore, Maryland 21205-2196 nisms: antigen-driven expansion of specific T cells, stimulation of cell division by cross-reactive antigens, or cytokine-mediated bystander activation (Oldstone, 1987; Beverley, 1990; Matzinger, 1994; Unutmaz et al., 1994; Summary Cao et al., 1995; Tough et al., 1996; Zal et al., 1996) . Limiting dilution analysis (LDA) to quantitate virus-speViral infections induce extensive T cell proliferation in cific cytotoxic T lymphocytes (CTL) has shown that only vivo, but the specificity of the majority of the rea small fraction (1%-5% at most) of the activated CD8 sponding T cells has not been defined. To address this T cells are antigen specific at the peak of the primary issue we used tetramers of MHC class I molecules response (Doherty et al., 1992; Ahmed and Gray, 1996; containing viral peptides to directly visualize antigen- . This has led to the hypothesis specific CD8 T cells during acute LCMV infection of that most of the CD8 T cell expansion is not antigen mice. Based on tetramer binding and two sensitive specific and represents bystander activation and/or assays measuring interferon-␥ production at the sincross-reactive stimulation of nonspecific cells. Experigle-cell level, we found that 50%-70% of the activated mental evidence for cytokine-mediated bystander T cell CD8 T cells were LCMV specific (2 ؋ 10 7 virus-specific proliferation during viral infection has come from studies cells/spleen). Following viral clearance, antigen-speby Tough et al. (1996) , who showed that type 1 interfercific CD8 T cell numbers dropped to 10 6 per spleen ons can induce proliferation of activated (CD44 hi ) CD8 and were maintained at this level for the life of the T cells and that this proliferation occurs independently mouse. Upon rechallenge with LCMV, there was rapid of signaling through the T cell receptor (TCR). Two recent expansion of memory T cells, but after infection with studies (Ehl et al., 1997; Zarozinski and Welsh, 1997) the heterologous vaccinia virus there was no detecthave questioned the contribution of bystander activaable change in the numbers of LCMV-specific memory tion in viral infection, but the issue remains unresolved CTL. Therefore, much of the CD8 T cell expansion seen because the specificity of the majority of the responding during viral infection represents antigen-specific cells T cells has not been defined. and warrants a revision of our current thinking on the In this study we have reexamined the question of size of the antiviral response.
) CD8 and were maintained at this level for the life of the T cells and that this proliferation occurs independently mouse. Upon rechallenge with LCMV, there was rapid of signaling through the T cell receptor (TCR). Two recent expansion of memory T cells, but after infection with studies (Ehl et al., 1997; Zarozinski and Welsh, 1997 ) the heterologous vaccinia virus there was no detecthave questioned the contribution of bystander activaable change in the numbers of LCMV-specific memory tion in viral infection, but the issue remains unresolved CTL. Therefore, much of the CD8 T cell expansion seen because the specificity of the majority of the responding during viral infection represents antigen-specific cells T cells has not been defined. and warrants a revision of our current thinking on the In this study we have reexamined the question of size of the antiviral response.
specificity. This is a critical issue because the current models of T cell activation during viral infection are Introduction based on the notion that most (Ͼ95%) of the proliferating cells are nonspecific Tough et Viral infections are often characterized by substantial al., 1996) . We used tetramers of major histocompatibility activation and expansion of CD8 T cells. This is seen in (MHC) class I molecules containing viral peptides to humans during the acute phase of infection with viruses directly visualize antigen-specific CD8 T cells during that replicate systemically, such as human immunodefiacute LCMV infection. Based on tetramer binding and ciency virus (HIV), Epstein-Barr virus (EBV), measles and two sensitive functional assays to measure interferon-␥ cytomegalovirus (Koup et al., 1994; Pantaleo et al., 1994, (IFN␥) production at the single-cell level, we found that 1997; Griffin, 1995; Callan et al., 1996; Oldstone, 1996;  at the peak of the primary and secondary responses, Wills et al., 1996; Borrow et al., 1997; Steven et al., 1997) .
50%-70% of the activated CD8 T cells were LCMV speExpansions of CD8 T cells are also seen in experimental cific. Thus, the size of the antiviral response is considermodels such as infection of mice with vaccinia virus ably larger than our current estimates, and much of the (VV), vesicular stomatitis virus, murine ␥-herpesvirus, expansion seen during viral infection represents expanand lymphocytic choriomeningitis virus (LCMV) (Lau et sion of antigen-specific T cells. al., 1994; Sunil-Chandra et al., 1994; Bi et al., 1995; Cousens et al., 1995; Murata et al., 1996; Selin et al., 1996; Doherty et al., 1997; Slifka et al., 1997) . Because Results of the potential for bystander activation to initiate autoimmune reactions or to shape the memory T cell
Size of the Primary Virus-Specific CD8 T Cell Response Adult mice infected with LCMV (Armstrong strain) gener- ‡ These two authors contributed equally to this work.
ate a potent immune response and clear the virus within § To whom correspondence should be addressed (email: ra@ microbio.emory.edu).
8-10 days. It is well established that clearance of this acute LCMV infection is mediated by CD8 CTL (Ahmed nominal antigenic peptide provide powerful reagents for et al., 1984; Byrne et al., 1984; Moskophidis et al. 1987;  quantitating antigen-specific CD8 T cells (Altman et al., Fung-Leung et al., 1991; Kagi et al., 1994; Walsh et al., 1996) . This approach not only allows direct visualization 1994). The kinetics of the virus-specific CTL response of antigen-specific CD8 T cells, but also the analysis and the expansion of CD8 T cells that occurs during the can be done on freshly explanted cells without any in course of an acute LCMV infection have been extenvitro manipulations. Tetramers of L d containing NP118-sively analyzed (Lau et al., 1994; Ahmed and Gray, 1996;  126 and D b containing NP396-404 or GP33-41 were used Asano and Tough et al., 1996; Zimmerman to quantitate CD8 T cells specific for these epitopes. et al., 1996) . At the peak of the primary response, there
Frequencies obtained by tetramer analysis were in the is 10-fold or greater increase in the number of activated same range as those determined by the IFN␥ functional CD8 T cells in the spleen and blood, and bromodeoxyuriassays. A representative result is shown in Figure 2A : dine (BrdU) labeling experiments have confirmed that 23% of CD8 T cells in LCMV-infected C57BL/6 mice all of the activated (CD44 hi ) CD8 T cells undergo prolifer-(day 8) bound the MHC D b NP396-404 tetramer, and ation. However, quantitation of CTL precursor (CTLp) 56% of CD8 T cells in infected BALB/c mice bound frequencies by LDA has shown that only 1%-5% of the the L d NP118-126 tetramer. There was minimal (Ͻ0.1%) proliferating CD8 T cells are virus specific at the peak binding of these tetramers to CD8 T cells from naive of the primary response (day 8 postinfection) (Moskoph-(uninfected) mice. Similar specific staining results were idis et al., 1993; Nahill and Welsh, 1993; Lau et al., 1994;  obtained with an L d -immunoglobulin fusion protein Andersson et al., 1995; Razvi et al., 1995; loaded with the NP118-126 peptide that was produced 1996; Selin et al., 1996; . We as described (Dal Porto et al., 1993 ) (data not shown). have reexamined this issue using two sensitive funcBy staining with tetramers in combination with BrdU tional assays: intracellular staining for IFN␥ and singlelabeling, it should be possible to determine the fraction cell IFN␥ enzyme-linked immunospot (ELISPOT) assay.
of antigen-specific CD8 T cells that have undergone In addition, we have used tetramers of MHC class I proliferation during the 8-day period of infection. As molecules bound to viral peptides to directly visualize shown in Figure 2B , all of the tetramer-positive cells the antigen-specific CD8 T cells.
(both D b NP396-404 specific and D b GP33-41 specific) BALB/c (H-2 d ) and C57BL/6 (H-2 b ) mice were infected proliferated during LCMV infection. Although this is the with LCMV, and at the peak of the primary response expected result, this analysis provides direct proof of (day 8) the frequency of CD8 T cells specific for the turnover of antigen-specific CD8 T cells in vivo. BrdU different LCMV CTL epitopes was determined by funclabeling experiments have been done previously with tional assays. Spleen cells freshly explanted from intransgenic T cells (Bruno et al., 1996 ; Pihlgren et al., fected mice were cultured in vitro (5 hr for intracellular 1996; Zimmerman et al., 1996) , but our studies provide cytokine stain and 36 hr for ELISPOT) either without documentation of in vivo proliferation of antigen-spestimulation (i.e., no peptide) or with peptides representcific T cells in nontransgenic mice. ing CTL epitopes defined in BALB/c and C57BL/6 mice To further confirm the specificity of the MHC class I (van der Most et al., 1996 Most et al., , 1998 . We found that the size tetramers, D b NP396-404 tetramer-positive and -negaof the virus-specific response was remarkably high. As tive CD8 T cells from C57BL/6 mice (day 8 postinfection) shown in Figure 1A , 70% of the CD8 T cells in C57BL/6 were sorted, and the two populations were tested for mice were LCMV specific; the strongest response was peptide-specific lytic activity and for secretion of IFN␥ to peptide NP396-404 (33% Ϯ 7.3% of CD8 T cells), after stimulation with NP396-404 peptide. Based on the followed by the responses to GP33-41 (25% Ϯ 4.1% IFN␥ ELISPOT assay, almost 100% of the tetramer-posiof CD8 T cells), GP276-286 (6% Ϯ 2.8% CD8 T cells), tive cells were NP396-404 specific (Figure 3 ). This result NP205-212 (5.6% Ϯ 3% of CD8 T cells), and shows that all of the tetramer-binding cells could score (0.8% Ϯ 0.6% of CD8 T cells). In BALB/c mice, the single in a functional assay and cross-validates both the physiimmunodominant epitope NP118-126 constituted up to cal (tetramer binding) and functional (IFN␥ production) 50% (43% Ϯ 7.4%) of the CD8 T cells. A representative techniques we have used to quantitate antigen-specific set of the actual data along with specificity controls is CD8 T cells. shown in Figure 1B . Spleen cells from LCMV-infected
The ability to kill peptide-coated targets was also mice made no IFN␥ in the absence of stimulation, and greatly enriched (Ͼ20 fold) in the sorted tetramer-posipeptide-stimulated spleen cells did not show any intrative CD8 T cell population (Figure 3 ). Even at the low cellular staining above background with the isotype coneffector:target ratio of 0.1:1, there was clearly observtrol antibody, confirming the specificity of the intracelluable killing of peptide NP396-404-coated targets. In lar IFN␥ stain. An NP118-stimulated sample is shown in contrast, CD8 T cells that did not bind the D b NP396- Figure 1B ; there were 0.4% positive cells with the iso-404 tetramer (i.e., tetramer-negative cells) showed minitype control antibody versus 52% positive cells with the mal to no killing of NP 396-404-coated targets but were IFN␥-specific antibody. In addition, spleen cells from able to kill GP33-41-coated targets. This further conuninfected BALB/c mice did not produce any IFN␥ after firmed the specificity of the D b NP396-404 tetramer by stimulation with any of the peptides (data not shown).
revealing that tetramer-binding cells were functionally The data in Figure 1C show that all of the NP396-404-enriched for killing of NP396-404-coated targets and specific CD8 T cells were CD44 hi . Similar results were that the tetramer-negative population contained few, if seen with CD8 T cells responding to the other epitopes any, cells that scored as NP396-404 specific by func-(data not shown).
Tetramers of MHC class I molecules containing the tional assays. Finally, the data in Figure 3 show that MHC class I tetramers can be used to isolate a pure the various CTL epitopes in BALB/c and C57BL/6 mice were quantitated for more than 1 yr after infection by population of antigen-specific CD8 T cells.
Together, the results presented in Figures 1-3 show means of the two IFN␥ assays and MHC class I tetramer binding. The results of these analyses are summarized that the majority (50%-70%) of activated CD8 T cells are virus specific at the peak of the primary response in Figure 4 . In BALB/c mice, memory CD8 T cells specific for the to LCMV. This finding greatly revises our previous estimates of the size of the antiviral T cell response.
immunodominant NP118-126 epitope could be readily detected at a remarkably high frequency of 1 in 10 CD8 T cells. In the sample shown in Figure 4C , 14% of the Kinetics of the Primary Response and Quantitation of Memory CD8 T Cells CD8 T cells were NP118-126 specific based on the intracellular IFN␥ stain, and 13% were specific according The CD8 T cell response to acute LCMV infection consists of three distinct phases: (1) activation and expanto L d NP118-126 tetramer binding. Similar frequencies were obtained by the ELISPOT assay (data not shown). sion (days 1-8 postinfection); (2) death (days 8-30), during which more than 95% of the activated CD8 T cells Memory CD8 T cells specific for NP118-126 were maintained at these high frequencies for more than 1 yr. In die by apoptosis; and (3) memory (after day 30), when a stable pool of memory T cells persists for the life of fact, there was no change in either the total number or the frequencies of NP118-126-specific CD8 T cells the mouse. The frequencies of memory CD8 T cells to with peptide. In these assays, freshly explanted memory CD8 T cells were stimulated for only 5 hr with peptide restricted CTL epitope GP283-291, showing that longterm memory was equally well maintained for weak as prior to staining for IFN␥. As is evident from the fluorescence-activated cell sorter (FACS) analysis, memory T well as strong epitopes. It is worth emphasizing that the number of NP 118-126-and GP283-291-specific CD8 cells were capable of making considerable amounts of cytokine in this short period. No IFN␥ was made in the T cells present in the memory pool was determined almost exclusively by the original burst size. There were absence of peptide (data not shown). It is also worth noting that this state of quick responsiveness was mainapproximately 20 x 10 6 NP118-126-specific CD8 T cells on day 8, and about 5% (1 ϫ 10 6 ) of these cells survived tained for extended periods; the samples shown in Figure 4C and 4D were taken from immune mice 240 and to go into the memory pool. The same trend was seen with the GP283-291 response: at the peak there were 270 days after infection. The frequencies of virus-specific CD8 T cells obtained approximately 1 ϫ 10 6 specific CD8 T cells, and immune mice contained 5 ϫ 10 4 GP283-specific memory CD8 T by the two IFN␥ assays (intracellular stain and ELISPOT) and the MHC class I tetramer reagents were, for the cells (i.e., 5% of the primary response). In C57BL/6 mice, frequencies of memory CD8 T cells for the two dominant most part, in general agreement with each other (Figures  1-4) . However, these values were substantially higher epitopes (NP396-404 and GP33-41) were approximately BALB/c (A) and C57BL/6 (B) mice were checked at the indicated days postinfection for the number of virus-specific CD8 T cells in the spleen by IFN␥ single-cell assays and MHC class I tetramer staining. Data represent average values obtained from three to five mice at each time point. The frequencies of peptide-specific cells/total CD8 T cells are indicated for each of the epitopes at selected time points. On day 3, the frequencies for NP118 were 1 in 1000 and for GP283, 1 in 10,000; on day 5, the frequencies were 1 in 4 for NP118 and 1 in 30 for GP283. In C57BL/6 mice the day 5 frequencies were 1 in 12 for NP396, 1 in 27 for GP33, and 1 in 180 for GP276. On day 0 postinfection the number of peptide-specific CD8 T cells was below detection (dotted line). (C) Spleen cells from LCMV-infected BALB/c mice 240 days postinfection were incubated with peptide NP118-126 for 5 hr, followed by staining for surface CD8 and intracellular IFN␥. Antigen-specific cells from the same mouse were visualized by staining freshly explanted spleen cells with L d NP118-126 tetramer. (D) C57BL/6 mice 270 days postinfection were incubated in the presence of the indicated peptides followed by intracellular IFN␥ staining, or freshly explanted spleen cells were stained with the indicated MHC tetramer-peptide complexes. Numbers represent the percentage of CD8 T cells that are antigen specific.
than published data on LCMV-specific CTLp frequencies among the three epitopes analyzed, the weaker epitope (GP276-286) showed the largest disparity in frequencies based on LDA. To compare these techniques directly, we quantitated CD8 T cells specific for different LCMV obtained by the two techniques. epitopes by LDA and IFN␥ ELISPOT assay in acutely infected (day 8) and immune (day 120) C57BL/6 mice Doubling Time of Antigen-Specific CD8 T Cells The doubling time of virus-specific CD8 T cells during (Table 1) . On day 8 postinfection, frequencies obtained by ELISPOT were 20-to 100-fold higher than precursor the expansion phase (days 1-8 postinfection) can be calculated from the data in Figure 4 . The frequencies of frequencies from LDA. In immune mice the differences were less, but ELISPOT numbers were still 10-to 20-CD8 T cells specific for a given epitope in naive mice are probably in the range of 10 Ϫ4 -10 Ϫ5 per CD8 T cells, fold higher than LDA numbers. It is noteworthy that giving a baseline value of 10 2 -10 3 epitope-specific CD8 GP283-specific CD8 T cells, suggesting that either these T cells/spleen. Since this is a "soft" number, we have cells were present at a lower frequency in naive mice not used it in calculating the doubling time of antigenand/or that the concentration of GP283 peptide was specific CD8 T cells. However, the values obtained on limiting during the early stages of infection. However, days 3, 5, and 8 postinfection are based on highly spebetween days 3 and 5, CD8 T cells responding to NP118 cific and sensitive assays and should allow us to deteror GP283 expanded at similar rates (doubling time 6-8 mine the number of divisions virus-specific CD8 T cells hr), implying that neither epitope was limiting during this have undergone during this 5-day period of antigenperiod. After day 5, there was only minimal expansion driven expansion. It should be pointed out that the inof the subdominant response, suggesting that stimulus crease in LCMV-specific CD8 T cells in the spleen truly from the weaker epitope was considerably less than represents cell proliferation and is not due simply to the dominant NP118 epitope. This simple model of viral redistribution of T cells (i.e., migration of CD8 T cells to peptide concentration driving T cell expansion is consisspleen). As shown in Figure 2B , all of the antigen-specific tent with the kinetics of LCMV infection and the much CD8 T cells in the spleen were BrdU positive. Moreover, higher binding affinity of the dominant NP 118 epitope to during the acute phase of LCMV infection, not only was L d compared with the binding of GP283 to its presenting there an increase in the number of virus-specific CD8 T molecule K d (IC50 [concentration of peptide inhibiting cells in the spleen, but similar expansions were seen in 50% of the binding of the radiolabeled probe]: 1.3 nM the blood and lymph nodes (data not shown). Thus, the for NP118 vs. 73 nM for GP283) (van der Most et al., increase in antigen-specific CD8 T cells in the spleen 1996). should reflect the division of these cells. As shown in Figure 4A , on day 3 after LCMV infection there were Effect of Homologous and Heterologous Virus 1.2 Ϯ 0.3 ϫ 10 4 NP118-126-specific CD8 T cells/spleen; Infection on LCMV-Specific Memory by day 5 the number had increased to 4 Ϯ 1.0 ϫ 10 6 ; CD8 T Cells and by day 8 the number had reached a peak of 2.8 Ϯ We next examined the effect of homologous and heterol-1.0 ϫ 10 7 . This represented a 2300-fold increase ‫11ف(‬ ogous virus infections on the frequency and effector divisions) in 5 days, with the fastest growth occurring function (killing) of LCMV-specific memory CD8 T cells. between days 3 and 5, during which period NP118-126-LCMV immune mice were divided into three groups: one specific CD8 T cells increased about 500-fold (9 divigroup was left untreated; the second group was infected sions) with an estimated doubling time of 6-8 hr. Although with VV; and the third group was rechallenged with the number of antigen-specific CD8 T cells continued LCMV. Seven days after infection, the frequency of to increase between days 5 and 8, there was a consider-LCMV-specific CD8 T cells and the presence of LCMVable slowing of the growth rate (2 or 3 divisions with an specific and VV-specific CTL activity were determined. estimated doubling time of 24-30 hours), and this slow
The results of a representative experiment (one of three) growth coincided with clearance of the virus (Lau et al., are shown in Figure 5 . Rechallenge with homologous 1994; Asano and . virus stimulated proliferation of LCMV-specific CD8 T It is useful to compare the expansion kinetics of the cells and the development of virus-specific killer cells. dominant NP 118 response with the weaker GP283 response ( Figure 4A ). On day 3, there were 10-fold fewer
In contrast, immune mice infected with VV did not show GP33-, and GP276-specific CD8 T cells was monitored by tetramer staining and functional assays on days 3 and 5 post infection. Identification of NP396-specific CD8 T cells by D b NP396 tetramers is shown in Figure  6A ; Figure 6B presents a summary of data on all three epitopes. As shown in Figure 6A , there was rapid expansion of NP396-specific CD8 T cells after LCMV infection. Within 3 days, 38% of CD8 T cells were NP396 specific, and by day 5 this population had increased to 46%. By gating on D b NP396 tetramer-positive cells and looking at the forward scatter (size), we found that more than 60% of the NP396-specific CD8 T cells were blasting on day 3 after infection, documenting the rapid recall response of memory T cells. This blasting population had decreased by day 5, consistent with data showing that immune mice resolve LCMV infection within 5 days (Lau et al., 1994) . During the secondary in vivo response, the largest expansion was seen in NP396-specific CD8 T cells, followed by GP33 and GP276. When responses to all the epitopes were added together, more than 70% of the total CD8 T cells were LCMV specific on day 5 after rechallenge. Similar results were obtained when immune mice were rechallenged with LCMV Armstrong (data not shown). Thus, as in the primary infection, most of the CD8 T cell expansion during the recall response represents antigen-specific CD8 T cells. our current models of viral-induced T cell proliferation that are based on the notion that most of the responding T cells are not specific to the infecting virus. Why have previous studies underestimated the size any detectable increase in the numbers of LCMV-specific memory CD8 T cells ( Figure 5A ). The VV-infected of the virus-specific T cell response? In almost all viral systems examined to date, the LDA has been used to mice had enlarged spleens and lymph nodes and contained 20-40 ϫ 10 6 CD8 CD44 hi cells/spleen compared quantitate virus-specific CTL p (Doherty et al., 1992; Ahmed and Gray., 1996; . This to 5 ϫ 10 6 in untreated immune mice. Thus, despite a substantial increase in the total number of activated technique involves plating graded numbers of cells in 96-well plates and stimulating them for 1-2 weeks in CD8 T cells, there was minimal to no expansion of LCMVspecific CD8 T cells. However, spleen cells from VVthe presence of antigen plus interleukin-2 (IL-2). At the end of the culture period the contents of each well are challenged LCMV immune mice exhibited a higher level of direct ex vivo LCMV-specific CTL activity compared tested for the presence of antigen-specific killer cells. An important caveat of this widely used assay is that to untreated immune mice ( Figure 5B ). The level of killing was about 3-to 5-fold higher based on lytic units. Taken only cells that are capable of dividing and surviving during the 1-to 2-week in vitro culture period will score together, these results show that infection with a heterologous virus does not increase the total number of LCMVas positive. Several recent studies have shown that activated T cells are prone to apoptosis upon restimulation specific memory T cells but does induce killing function in this population of memory T cells.
with antigen-a phenomenon termed activation-induced cell death (AICD) (Nagata and Golstein, 1995) . Thus, it The in vivo recall response after challenge with homologous virus was examined in more detail. LCMV-immune is likely that many antigen-specific T cells either die or do not divide to a sufficient extent to score as positive C57BL/6 mice were rechallenged with LCMV clone 13 (a variant of Armstrong), and the expansion of NP396-, in the LDA assay. In contrast, the techniques we have (B) Exponential division of memory CD8 T cells upon secondary rechallenge. LCMV immune C57BL/6 mice were rechallenged with LCMV clone 13 as described in (A). Antigen-specific CD8 T cell numbers specific for each of the indicated immunodominant epitope were quantitated using a single-cell IFN␥ ELISPOT assay. used do not have this limitation. This is especially true Can our findings with the LCMV model be generalized to other viral infections, including those by human of staining with MHC class I tetramers, a method that involves no in vitro manipulations and allows direct visupathogens? It has been known for many years that acute EBV infection (infectious mononucleosis) is characteralization of the antigen-specific T cells. The two IFN␥ functional assays require only a short period of in vitro ized by a massive increase in the number of CD8 T cells (Callan et al., 1996) , and more recently it has also been stimulation (5 hr for intracellular stain and 24-36 hr for ELISPOT), and neither technique is dependent on longshown that substantial CD8 T cell expansion occurs during primary HIV infection (Koup et al., 1994 ; Pantaleo term cell survival or proliferation.
Analysis of LCMV-specific CD8 T cells in acutely inet al., 1994, 1997) . Increased numbers of activated CD8 T cells in the blood and cerebrospinal fluid of patients fected mice (day 8) showed that frequencies obtained by ELISPOT assay were 20-to 100-fold higher than infected with human T cell leukemia virus type 1 (HTLV-1) have also been reported (Utz et al., 1996) . It is likely numbers based on LDA (Table 1 ). At this time (i.e., day 8 postinfection) there is a large number of effector CD8 that, similar to our findings with LCMV, the majority of the expanded CD8 T cells are EBV, HTLV-1, and HIV CTL, and it is likely that a substantial fraction of these highly activated cells are sensitive to AICD. Thus, it is specific. In fact, recent studies analyzing TCR usage by CD8 T cells during acute EBV and HIV infections have not surprising that LDA analysis underestimated the true frequency of antigen-specific effector CD8 T cells. Alshown expansions of a few dominant clones (Pantaleo et al., 1994 (Pantaleo et al., , 1997 Callan et al., 1996) . Such oligoclonal though fewer differences were seen with memory CD8 T cells, it is notable that even in immune mice, which populations are most consistent with antigen-driven expansion of T cells. It will be interesting to see what have very low if any effector CD8 T cells, only 10% of the LCMV-specific cells scored as positive by the LDA frequencies are obtained in these human viral infections using the techniques we have described in this study. technique. Similar results have recently been reported for influenza virus (Lalvani et al., 1997) . Thus, the LDA Even with viral infections that provide a much weaker stimulus to CD8 T cells, such as herpes simplex virus appears to underestimate the true frequency of both effector and memory T cells, with a greater underesti-(HSV), it is possible that most of the responding cells are virus specific. A recent study (Cose et al., 1997) mate for effector T cells. In addition to differences due to AICD, it is also possible that all virus-specific CD8 T analyzing CD8 T cell responses in lymph nodes draining the site of HSV infection has documented expansion of cells can secrete IFN␥ but only a subset of these cells can differentiate into killer cells.
CD8 T cells expressing a restricted TCR, suggesting
Experimental Procedures
that a large proportion of the blasting cells may be HSV specific. Thus, it is likely that our study in the LCMV
Virus Infection and Mice
system, showing that more than 70% of the responding Six-to 8-week-old male or female BALB/c and C57BL/6 mice were CD8 T cells are virus specific, will become a paradigm purchased from the Jackson Laboratories (Bar Harbor, ME). Mice for viral infections in general.
were infected with 2 ϫ 10 5 pfu of LCMV Armstrong intraperitoneally and used at the indicated time points. For secondary rechallenge It is well established that following viral clearance experiments, immune mice were injected with 2 ϫ 10 6 pfu of LCMV there is a precipitous drop in the number of antigenclone 13 intravenously or with 2 ϫ 10 6 pfu of VV intraperitoneally.
specific CD8 T cells (Ahmed and Gray, 1996) . During
Virus stocks were grown and quantitated as described previously this period of death, more than 90% of the activated T (Ahmed et al., 1984) .
cells undergo apoptosis. This down-regulation of the immune response is necessary to maintain homeosta- , 1996, 1998) . After culture, the pool of memory T cells, and then long-term memory (Selin et al., 1996;  clonal rat anti mouse CD8a (clone 53-6.7) antibody. After washing the unbound antibody, cells were subjected to intracellular cytokine Ehl et al., 1997) . It is unlikely that this increased killing is stain using the Cytofix/Cytoperm kit according to the manufacturer's due to VV-specific CTL that are cross-reactive to LCMV (Schatz, 1993) . CD8 T cell memory in B cellto transform the Escherichia coli strain BL21(DE3) and expression deficient mice. J. Exp. Med. 183, 2165-2174. was induced with isopropyl-␤-D-thiogalactopyranoside as deBeverley, P.C. (1990) . Is T-cell memory maintained by crossreactive scribed (Altman et al., 1993) . Human ␤ 2-microglobulin (␤2m) was stimulation? Immunol. Today 11, 203-205. expressed from the plasmid pHN1-␤ 2m as described (Garboczi et al., Bi, Z., Barna, M., Komatsu, T., and Reiss, C.S. (1995) . Vesicular 1992). Folding, purification, biotinylation, and tetramer production of stomatitis virus infection of the central nervous system activates L d and D b peptide complexes was performed as described (Altman both innate and acquired immunity. J. Virol. 69, 6466-6472. et al., 1996) . Borrow, P., Tishon, A., Lee, S., Xu, J., Grewal, I.S., Oldstone, M.B., and Flavell, R.A. (1996) . CD40L-deficient mice show deficits in antiviBrdU Staining ral immunity and have an impaired memory CD8ϩ CTL response. For BrdU labeling, LCMV (Armstrong)-infected mice were fed contin-J. Exp. Med. 183, 2129-2142. uously with drinking water containing BrdU (0.8 mg/ml) for 8 days.
Borrow, P., Lewicki, H., Wei, X., Horwitz, M.S., Peffer, N., Meyers, On day 8 postinfection, freshly explanted spleen cells were surface H., Nelson, J.A., Gairin, J.E., Hahn, B.H., Oldstone, M.B., and Shaw, stained with PE-conjugated anti-mouse CD8, Cychrome-conjugated G.M. (1997) . Antiviral pressure exerted by HIV-1-specific cytotoxic anti-mouse CD44 (Pharmingen), and allophycocyanin-conjugated T lymphocytes (CTLs) during primary infection demonstrated by MHC tetramer of indicated specificity followed by intracellular BrdU rapid selection of CTL escape virus. Nature Med. 3, 205-211. stain as described (1995) . Partial activation of CD8ϩ T cells by a self-derived peptide. as described previously. For VV infection, targets were infected at Nature 378, 295-298. a multiplicity of infection of 10. Targets were coated with peptide Cose, S.C., Jones, C.M., Wallace, M.E., Heath, W.R., and Carbone, NP396-404 or GP33-41 at a concentration of 0.1 g/ml. LDA was F.R. (1997) . Antigen-specific CD8ϩ T cell subset distribution in performed as described previously (Lau et al., 1994 ; van der Most lymph nodes draining the site of herpes simplex virus infection. Eur. et al., 1996) . J. Immunol. 27, 2310-2316.
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